Activation of the GPCR sphingosine-1-phosphate receptor 1 (S1P1) by sphingosine-1-phosphate (S1P) regulates key physiological processes. S1P1 activation also has been implicated in pathologic processes, including autoimmunity and inflammation; however, the in vivo sites of S1P1 activation under normal and disease conditions are unclear. Here, we describe the development of a mouse model that allows in vivo evaluation of S1P1 activation. These mice, known as S1P1 GFP signaling mice, produce a S1P1 fusion protein containing a transcription factor linked by a protease cleavage site at the C terminus as well as a b-arrestin/protease fusion protein. Activated S1P1 recruits the b-arrestin/protease, resulting in the release of the transcription factor, which stimulates the expression of a GFP reporter gene. Under normal conditions, S1P1 was activated in endothelial cells of lymphoid tissues and in cells in the marginal zone of the spleen, while administration of an S1P1 agonist promoted S1P1 activation in endothelial cells and hepatocytes. In S1P1 GFP signaling mice, LPS-mediated systemic inflammation activated S1P1 in endothelial cells and hepatocytes via hematopoietically derived S1P. These data demonstrate that S1P1 GFP signaling mice can be used to evaluate S1P1 activation and S1P1-active compounds in vivo. Furthermore, this strategy could be potentially applied to any GPCR to identify sites of receptor activation during normal physiology and disease.
Introduction
Sphingosine-1-phosphate receptor 1 (S1P1), originally named EDG-1, is the founding member of a family of 5 GPCRs with high affinity for the lipid ligand sphingosine-1-phosphate (S1P) (1-3). Activation of S1P1 stimulates G i -dependent and other intracellular signaling cascades, leading to cell type-specific responses that include migration, cytoskeletal changes, proliferation, and survival. S1P1 is widely expressed in tissues, is particularly enriched in endothelial cells, and is one of the most abundant receptors in the entire GPCR superfamily (4) (5) (6) . S1P1 is an important regulator of vascular development and function in endothelial cells. During embryogenesis, S1P1 expression in endothelial cells is essential for the formation of a stable, functional vasculature (7) (8) (9) . In its absence, midgestation embryos exhibit massive hemorrhage and edema. Similar consequences result from a complete absence of the endogenous ligand S1P in sphingosine kinase-deficient embryos, indicating that S1P-induced activation of the S1P1-directed signaling pathways in endothelial cells is essential for proper vascular development (10) . S1P1 also has an important role in the promotion of endothelial barrier function and integrity under both basal and inflammatory conditions (11) (12) (13) . Furthermore, during infections, S1P1 functions on the endothelium to suppress inflammatory responses (14) .
In addition to its essential functions in the vasculature, S1P1 has a pivotal role in regulating the recirculation of lymphocytes throughout the body (15) . In a particularly critical function, S1P1 expression on lymphocytes enables their egress from lymphoid tissues into blood and lymph (16, 17) . Intrinsic S1P1 expression also dictates the positioning and behavior of immune cells in the marginal zone (MZ) of the spleen (18, 19) . FTY720 (fingolimod) is a well-studied compound that is highly active on S1P1 (20, 21) . It mimics sphingosine and targets S1P receptors after it is phosphorylated by sphingosine kinases in vivo (22, 23) . FTY720 causes downmodulation of lymphocyte receptors (16) , a process that is believed to block lymphocyte migratory responses toward elevated S1P concentrations in circulating fluids during egress from lymphoid tissues (15, 24) . Because of its immunosuppressive properties, FTY720 is used in the treatment of multiple sclerosis (25) . Its efficacy is attributed to its ability to block lymphocyte recirculation (15, 16) as well as its direct suppression of astrocyte responses (26) . S1P, the physiologic ligand for S1P1, is synthesized during sphingolipid metabolism, which is a process that occurs in all cells (27, 28) . Levels of S1P are relatively high in circulating blood and lymph, ranging from low micromolar to high nanomolar concentrations (29, 30) . However, it is believed that the S1P concentrations in interstitial spaces are substantially lower due to highly active degradation pathways (15, 31) . The S1P concentration in circulation is necessary to enable the trafficking of lymphocytes (30) and for proper vascular functioning (12) , suggesting that it directs S1P1 activation on immune and endothelial cells (32) (33) (34) .
The major source of S1P in the blood is red blood cells (30) . Endothelial cells are the major source of S1P in lymph and may play a minor role in maintaining blood S1P levels (30, 35) . Pericytes also provide S1P to direct the egress of thymocytes from the thymus (36) . How S1P is generated acutely for S1P1 activation is not understood.
Because S1P1 is widely expressed and the capacity to produce S1P ligand is a feature of essentially all cells, it has been difficult to identify precisely where and when S1P1 activation occurs in vivo. Furthermore, the cellular sites at which S1P1-specific compounds, such as FTY720, stimulate activation in vivo have not been clearly mapped. In order to gain insights into where and when S1P1 activation occurs in vivo, we have developed a mouse model that records S1P1 activation at a cellular level through a modified S1P1 signaling cascade that is distinct from the endogenous S1P1 signaling pathways. Using this mouse model, we have mapped the cellular sites of S1P1 activation that are present during homeo-ES cells by homologous recombination in order to place the gene cassette under control of the endogenous S1pr1 promoter elements, so that the expression of the modified genes would mirror the cellular expression characteristic of endogenous S1P1 ( Figure  1B ). Chimeric and, subsequently, heterozygous mice were derived, carrying modified S1P1 and β-arrestin knockin genes.
A well-characterized histone H2B-GFP reporter transgene, under control of a tetracycline-responsive promoter element (45, 46) , was used for the readout of modified S1P1 signaling pathway. The H2B-GFP would be expressed when the tTA is proteolytically released from the activated S1P1 by the β-arrestin-TEV protease fusion protein. H2B-GFP incorporates into nucleosomes, giving rise to fluorescent nuclei as an indicator of activation of modified S1P1 signaling pathway. The H2B-GFP protein is relatively stable, and its fluorescent signal would be expected to persist for days in nondividing cells (45, 46) .
In order to identify the expression profile of the activated H2B-GFP reporter transgene, mice carrying only this gene were crossed with R26-M2rtTA mice (47) , which globally expressed the reverse tetracycline-controlled transactivator (rtTA-M2). The resulting bigenic mice were administered doxycycline in their drinking water to activate the rtTA-M2, and their tissues were examined for H2B-GFP expression. Thymi, spleens, lymph nodes, lungs, hearts, and livers all showed a widespread nuclear induction of GFP compared with the tissues of mice that were not administered doxycycline (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI71194DS1). This experiment demonstrates that the H2B-GFP reporter has the potential to be expressed in these tissues and, thus, should not limit the cellular detection of the modified S1P1 signaling pathway.
H2B-GFP reporter mice were crossed with S1P1-β-arrestin knockin mice to derive mice carrying one copy of each allele (Figure 1C) . These mice are referred to as S1P1 GFP signaling mice. These mice were born in the expected numbers, indicating the stasis and in response to FTY720 and LPS-induced inflammation. We also provide evidence that hematopoietically derived S1P stimulates S1P1 activation both in endothelial cells and hepatocytes during systemically induced inflammation.
Results

S1P1 GFP signaling reporter mice.
We adapted elements of the "Tango" system (ref. 37 and Figure 1A ), a cell-based assay that detects interactions between an activated GPCR and β-arrestin, to devise a recordable S1P1 signaling pathway in mice. In general outline of the Tango system, both the GPCR and β-arrestin are genetically modified as individual fusion proteins. The GPCR has its C terminus linked to a transcription factor via an amino acid sequence containing the tobacco etch virus (TEV) protease 7-residue cleavage site. The β-arrestin is fused to the TEV protease. Ligand activation of the modified GPCR induces phosphorylation on the receptor C terminus by GPCR-specific kinases (38) (39) (40) (41) . Next, the β-arrestin-TEV protease fusion protein is recruited to the modified receptor and, upon binding, proteolytically releases the transcription factor, which travels into the nucleus to transcriptionally activate a reporter gene ( Figure 1A ). The output of the reporter provides a measure of receptor activation.
We combined these basic modules in order to genetically encode a novel pathway in mice to stably record activated S1P1 ( Figure  1B) . We linked the well-characterized tetracycline transcriptional activator (tTA) (42) (43) (44) to the C terminus of S1P1 via a TEV protease cleavage motif (tevs). We created an S1P1 (S1pr1) gene-targeting vector that carried a bicistronic unit consisting of the S1P1-tTA fusion followed by a mouse β-arrestin-2-TEV protease fusion gene separated by an internal ribosome entry sequence (IRES). The bicistronic configuration ensured that both the receptor and β-arrestin fusion proteins would be expressed within the same cell, which is a requirement for the system to function. The bicistronic gene cassette was knocked in to the mouse S1pr1 locus in mouse Generation of S1P1 GFP signaling reporter mice. (A) Schematic of the "Tango" design to monitor S1P1-β-arrestin interactions. Ligand activation of GPCRs leads to their phosphorylation and subsequent recognition by arrestins. The target GPCR, in this case S1P1, is modified by linking the tetracycline-controlled transactivator (tTA) to its C terminus through a TEV protease recognition sequence (tevs). Ligand binding to the receptor stimulates the recruitment of a β-arrestin-TEV protease fusion protein, triggering the release of tTA from the C terminus of modified S1P1. Free tTA enters the nucleus and stimulates histone H2B-GFP reporter gene activity. (B) Design of the S1pr1 knockin vector. Coding sequences for the 2 fusion proteins, S1P1-tTA and mouse β-arrestin-2-TEV (mArrb2-TEV) protease, connected by an IRES, were included along with the neomycin resistance gene (NeoR) flanked by loxP sites. This knockin segment was flanked by 2.4 kb of 5′ and 3.8 kb of homologous 3′ genomic sequences adjacent to the second exon of S1pr1. The herpes simplex virus thymidine kinase (TK) gene was added outside of the homologous sequence to minimize random integration. Schematics of the targeting vector, WT S1pr1 allele, and S1pr1 knockin allele are shown. PA, polyadenylation sequence. (C) Mouse mating scheme to obtain S1P1 GFP signaling (S1P1GS) mice. S1pr1 knockin mice were crossed with histone-EGFP reporter (H2B-GFP) mice, in which human histone 1 protein H2bj and EGFP fusion protein are expressed under the control of a tetracyclineresponsive promoter element and cytomegalovirus minimal promoter.
gene (42) and with S1P concentrations known to induce receptor activation with subsequent internalization.
In order to verify the specificity of modified S1P1 signaling pathway, the S1P1 GFP signaling MEFs were exposed to various lipids and S1P1 active compounds ( Figure 2B and Supplemental Figure 2 ). Selective S1P1 agonist RP-001, which was reported to activate S1P1 in the picomolar range (6), induced nuclear fluorescence at concentrations much lower than S1P ( Figure 2B ). Both selective S1P1 agonist, SEW2871 (49) , and natural ligand, dihydro-S1P (dhS1P; ref. 50) , induced nuclear fluorescence with an effectiveness comparable to that of S1P (Supplemental Figure 2) . The S1P1 GFP signaling MEFs were barely responsive or not responsive to 1 μM sphingosine or LPA, neither of which are ligands for S1P1, although sphingosine can be converted to S1P. The results demonstrate that the S1P1 GFP signaling pathway within MEFs reports receptor activation, with the ligand specificity expected for native S1P1.
The S1P1 GFP signaling MEFs were treated with RP-001 and SEW2871, and cell extracts were assayed for phosphorylated Akt, a downstream target of S1P1-G i signaling (51) . Both RP-001 and absence of developmental lethality. Numbers of B220 + B cells, CD4 + T cells, CD8 + T cells, and CD11b + monocytes were not significantly different between the S1P1 GFP signaling mice and the control H2B-GFP reporter mice (Supplemental Figure 3) .
Validation of the modified S1P1 signaling pathway. To determine whether the modified S1P1 signaling pathway genetically encoded into the S1P1 GFP signaling mice was functional in cells, primary mouse embryonic fibroblasts (MEFs) were derived from S1P1 GFP signaling mouse embryos and cultured. The addition of 10 -7 M S1P to MEF cultures resulted in the appearance of fluorescently labeled nuclei by 6 hours ( Figure 2A ). Little background nuclear fluorescence was detected in the absence of exogenous S1P. Using a quantifiable flow cytometry assay ( Figure 2C ), the EC 50 for the stimulation of nuclear fluorescence by S1P in the S1P1 GFP signaling MEFs was determined to be 43 nM, similar to the EC 50 determined for the S1P-induced internalization of the S1P1 from the plasma membrane (48) . The results indicate that the S1P1 GFP signaling pathway within MEFs was activated by S1P in a time course in line with the activation of transcription for the reporter
Figure 2
S1P1 activation in MEFs. (A) Validation of modified S1P1 signaling pathway in MEFs. S1P1 GFP signaling MEFs were cultured for 16 hours in medium containing 10% charcoal-stripped FBS and received either S1P (10 -7 M) or vehicle (4 mg/ml BSA in PBS). Nuclei were stained with Hoechst, and MEF cultures were imaged under an inverted laser-scanning confocal microscope. The experiment was repeated twice in duplicate, and a representative result is shown. (B) Treatment of MEFs with RP-001. S1P1 GFP signaling MEFs were cultured for 16 hours in medium containing 10% charcoal-stripped FBS and received either S1P or RP-001. After 24 hours, nuclei were stained with Hoechst, and MEF cultures were imaged under an inverted laser-scanning confocal microscope. The experiment was performed in duplicate, and a representative result is shown. (C) Flow cytometry analysis of S1P1 GFP signaling MEFs. S1P1 GFP signaling MEFs were cultured for 16 hours in medium containing 10% charcoal-stripped FBS and various concentrations of S1P were added. After 24 hours, the number of GFP + cells was determined by flow cytometry. The experiment was repeated twice. Data represent mean ± SEM (n = 3). (D) Endogenous S1P1 signaling pathway in MEFs. S1P1 GFP signaling MEFs were cultured for 16 hours in medium containing 0.1% FBS and received 1 μM of S1P1 receptor ligands (RP-001, S1P, or SEW2871) or vehicle (4 mg/ml BSA in PBS). After 10 minutes, the cell lysate was harvested and then Akt and phospho-Akt were identified by Western blotting (see complete unedited blot in the supplemental material). The experiment was performed in triplicate, and a representative result is shown. Scale bars: 100 μm.
structures, with some weakly positive cells within the parenchyma ( Figure 4 ). Immunostaining with antibody to CD31 confirmed the identity of many of the thymic GFP + cells as endothelial cells ( Figure 5 ). The bulk of the thymic lymphocytes, as determined by immunostaining with antibody to CD45, were negative for GFP expression (data not shown). This finding was confirmed by flow cytometry, which showed a low but significant level of GFP + SEW2871 induced phosphorylation of Akt comparably to S1P, showing the existence of functional native S1P1-directed signaling pathway and supporting the relevance of the genetically modified signaling pathway for the detection of activated S1P1 as a surrogate for endogenous signaling ( Figure 2D ).
The importance of S1P1 and S1P in the development of the embryonic vascular system has been established through analysis of null mice (7) (8) (9) . In the absence of either the receptor, S1P1, or the ligand, S1P, the vasculature development is defective, implying that S1P1 activation by S1P is needed for this process. E9.5 and E10.5 control mouse embryos carrying only the H2B-GFP transgene displayed diffuse background fluorescence. In E9.5 S1P1 GFP signaling mouse embryos, intense GFP expression was noted in the dorsal aorta. In E10.5 S1P1 GFP signaling mouse embryos, strong GFP expression was displayed in the heart and telencephalon, in addition to that in the dorsal aorta ( Figure 3 ). This result indicates that the S1P1 GFP signaling pathway system reports receptor activation in vivo in regions of presumptive endogenous S1P1 activation. S1P1 activation in adult tissues. Frozen sections of tissues from S1P1 GFP signaling mice and controls carrying only the H2B-GFP gene were examined for GFP fluorescence by confocal microscopy. Thymi, spleens, and lymph nodes from S1P1 GFP signaling mice contained the highest density of GFP + cells (Figure 4) . Sparse GFP + cells were found in lungs and hearts, while livers were largely negative. In comparable sections from control H2B-GFP mice, infrequent, scattered GFP + cells were noted in the immune tissues; otherwise, the tissues were GFP negative.
In thymi of the S1P1 GFP signaling mice, the majority of the GFP + cells appeared to surround vascular
Figure 3
S1P1 activation in embryos. S1P1 GFP signaling and H2B-GFP E9.5 and E10.5 mouse embryos were imaged using a fluorescence stereomicroscope. TC, telencephalon; HT, heart; DA, dorsal aorta. Four litters each of E9.5 and E10.5 embryos were examined.
Figure 4
S1P1 activation in tissues. Histological sections from S1P1 GFP signaling and H2B-GFP mice were stained with DAPI, and the images were captured with an inverted laserscanning confocal microscope. Small arrowheads point to GFP + vascular structures. The tissues of 5 mice for each genotype were examined. CA, central arteries; HEV, high endothelial venules; MS, medullary sinuses; SS, subcapsular sinuses. Scale bars: 100 μm.
endothelial venules (PNAd + ), which are specialized endothelial cells at the sites of lymphocyte entry into the lymph nodes (56), also displayed strong GFP expression ( Figure 5 ). Flow cytometry indicated that a low percentage of B220 + B cells, CD11b + macrophages, and CD3 + CD4 + T cells were GFP + in the lymph nodes of S1P1 GFP signaling mice; however, these levels were significantly higher than those observed in the lymph nodes of control H2B-GFP mice (Supplemental Figure 4) .
In lungs, scattered GFP + cells in S1P1 GFP signaling mice also stained positively for CD31 and LYVE-1 (Figures 4 and 5) . Flow cytometry experiments confirmed a significantly increased number of CD31 + GFP + cells in the lungs of S1P1 GFP signaling mice compared with that in control H2B-GFP mice (Supplemental Figure 5A) .
In livers, GFP + cells were rare in the vasculature and in the parenchyma (Figure 4 ), but they were found at statistically higher levels in S1P1 GFP signaling mice compared with control H2B-GFP mice (Supplemental Figure 5 , B and C). Nuclei in the hearts of S1P1 GFP signaling mice were largely negative for GFP expression, with rare GFP + endothelial cells (Figures 4 and 5) .
As an alternative method for identifying cellular S1P1 activation, we used immunohistochemical detection of GFP expression on paraffin-embedded tissue sections (Supplemental Figure 6 ). thymocytes (CD3 + CD4 + CD8 -and CD3 + CD4 -CD8 + ) in S1P1 GFP signaling mice compared with that in control H2B-GFP mice (Supplemental Figure 4) .
In spleens of the S1P1 GFP signaling mice, GFP + cells were concentrated in the vicinity of the MZ (Figure 4) . Some of the GFP + cells in the MZ were identified as B cells by immunostaining with antibodies to B220 ( Figure 5 ). In addition, strongly GFP + cells were identified as resident MZ macrophages that expressed macrophage receptor with collagenous (MARCO) structure ( Figure 5 and refs. 52, 53). The central artery endothelial cells were also GFP + in the spleens of the S1P1 GFP signaling mice ( Figure 5 ). Flow cytometry of splenocytes revealed that significant percentages of B220 + B cells and CD11b + macrophages were GFP + in S1P1 GFP signaling mice compared with those in control H2B-GFP mice. CD3 + CD4 + and CD3 + CD8 + T cells that were GFP + were increased marginally in the S1P1 GFP signaling mice compared with those in control H2B-GFP mice (Supplemental Figure 4) .
In lymph nodes of S1P1 GFP signaling mice, a high density of GFP + cells was localized in the vicinity of the subcapsular and medullary sinuses (Figure 4 ). These cells were identified as predominantly lymphatic endothelial cells by immunostaining with CD31 and LYVE-1 antibodies ( Figure 5 and refs. 54, 55 ). High
Figure 5
Identification of cell type-specific S1P1 activation. Histological sections from S1P1 GFP signaling and H2B-GFP mice were immunostained with antibodies to CD31, PNAd, LYVE-1, B220, and MARCO, and the images were captured with an inverted laserscanning confocal microscope. Scale bars: 50 μm.
tissues examined from FTY720-treated S1P1 GFP signaling mice was increased compared with that in S1P1 GFP signaling mice treated with vehicle ( Figure 6 and Supplemental Figure 7 ). In lungs, FTY720 treatment of S1P1 GFP signaling mice induced an increase in GFP + endothelial cells (CD31 + and LYVE-1 + ) ( Figure 6 ). The increased number of GFP + endothelial cells from the lungs of FTY720-treated S1P1 GFP signaling mice was verified by flow cytometry (Supplemental Figure 8, A and B) .
In livers, nuclear GFP expression was remarkably elevated in FTY720-treated S1P1 GFP signaling mice compared with that in vehicle-injected S1P1 GFP signaling mice (Supplemental Figure 7) . Many hepatocytes (albumin + cells) expressed GFP + nuclei, indicating that they had been stimulated by the FTY720 treatment (Figure 6 and Supplemental Figure 8, A and D) . The number of GFP + endothelial cells was also increased in liver after FTY720 treatment (Supplemental Figure 8, A and C) .
Immunochemical detection of GFP in tissues after FTY720 treatment afforded results compatible with those obtained by fluorescent detection of GFP. Staining with anti-S1P1 in serial sections revealed that treatment with FTY720 did grossly alter S1P1 expression (Supplemental Figure 9) .
The results showed specific GFP expression (blue staining) in the tissues of the S1P1 GFP signaling mice and little or no GFP expression in tissues of the control H2B-GFP mice. The frequency and distribution of GFP + cells detected by immunohistochemistry in the S1P1 GFP signaling mice were consistent with the results obtained by detection of direct GFP fluorescence on the frozen sections described above. This method also allowed for direct detection of S1P1 with a well-characterized antibody (57) to determine its expression in comparison to GFP expression on serial tissues sections (Supplemental Figure 6) . We found that S1P1 was broadly expressed in all of the tissues examined. In particular, S1P1 appeared to be most highly expressed in vascular regions of the tissues, including in the lung and MZ of the spleen, as has been described previously (4); S1P1 was also well expressed in the parenchyma of the tissues.
Induction of S1P1 activation by FTY720. To determine whether the S1P1 GFP signaling pathway can be induced in vivo, either FTY720, a well-characterized S1P receptor agonist compound, or vehicle was administered to S1P1 GFP signaling mice. After 24 hours, their tissues were evaluated for nuclear GFP expression. Overall, the number of endothelial cells with GFP + nuclei in all FTY720 induced activation of S1P1 in endothelial cells and hepatocytes. FTY720 (1 mg/kg) or vehicle (ethanol/PBS, 1:1) was intraperitoneally injected into S1P1 GFP signaling mice, and the tissues were harvested 1 day after injection. Histological sections were immunostained with antibodies to CD31, LYVE-1, or albumin, and the images were captured using an inverted laser-scanning confocal microscope. The tissues of 3 mice for each treatment were examined. Scale bars: 50 μm.
Figure 7
S1P1 activation in endothelial cells and hepatocytes during systemic inflammation. LPS (20 mg/ kg) or vehicle (PBS) was injected intra peritoneally into S1P1 GFP signaling mice, and the tissues were harvested 3 days after injection. Histological sections were immuno stained with antibodies to CD31, LYVE-1, or albumin, and the images were captured using an inverted laser-scanning confocal microscope. The tissues of 4 mice injected with LPS and 3 mice injected with vehicle were examined. Scale bars: 50 μm.
Role of hematopoietically derived S1P during inflammation-induced S1P1 activation in endothelial cells and hepatocytes.
The major source of S1P in plasma is red blood cells (30) . Other sources include endothelial cells (35, 36) . In order to determine whether hematopoietically derived S1P was a source for S1P1 activation during LPS stimulation, we prepared S1P1 GFP signaling mice with a deficiency of S1P in their plasma. To accomplish this, we transplanted bone marrow cells from pIpC-treated Sphk1 fl/fl Sphk2 -/-Mx1-cre mice, which have been shown to lack S1P in plasma and are referred to as plasmaS1Pless (pS1Pless) mice (30) , into S1P1 GFP signaling mice. Control mice were prepared by transplanting bone marrow cells from pIpC-treated Sphk1 fl/fl Sphk2 -/-mice, which do not have an S1P deficiency in plasma (30) , into S1P1 GFP signaling mice ( Figure 8A ).
The levels of S1P and dhS1P in the plasma of these mice were measured by HPLC-tandem mass spectrometry (58) and were found to be reduced by about 80% in the pS1Pless bone marrow-transplanted S1P1 GFP signaling mice compared with those in the control bone marrow-transplanted S1P1 GFP signaling mice. The concentrations of plasma ceramides, sphingosine and dihydrosphingosine, were similar in both groups of mice ( Figure 8B and Supplemental Figure 13 ).
Flow cytometry revealed that, in the control bone marrow-transplanted S1P1 GFP signaling mice, LPS treatment significantly increased the number of GFP + endothelial cells in the lungs and livers as well as the number of GFP + hepatocytes, compared with those in vehicle-injected mice (Figure 8, C-E) . By comparison, in pS1Pless bone marrow-transplanted S1P1 GFP signaling mice, the number of GFP + endothelial cells and hepatocytes was significantly lower in the LPS-injected groups compared with that in the LPSinjected control bone marrow-transplanted mice (Figure 8, C-E) . Images of frozen tissue sections and the quantitative flow cytometry results indicated a reduced frequency of GFP + cells in response to LPS in the pS1Pless bone marrow-transplanted S1P1 GFP signaling mice compared with that in the controls (Supplemental Figure 11B) .
Overall, the results are consistent with the concept that hematopoietically derived S1P induces S1P1 activation in endothelial cells as well as in parenchymal cells of liver during LPS-induced systemic inflammation.
Discussion
A major limitation in our understanding of the in vivo biology of S1P1 signaling comes from the inability to determine where and when the receptor is activated. We have now established a mouse model that is able to record S1P1 activation events at a cellular level. The strategy that was used is based on an assay (37) that FTY720 treatment of S1P1 GFP signaling mice did not significantly alter the percentages of GFP + lymphocytes in the thymi (Supplemental Figure 10) . Similarly, no statistically significant differences in the percentage of GFP + CD4 + T cells, CD8 + T cells, B220 + B cells, and CD11b + macrophages in spleens and lymph nodes were observed after FTY720 treatment (Supplemental Figure 10) . S1P1 activation in response to inflammation. To identify cellular sites of S1P1 activation during systemic inflammation, S1P1 GFP signaling mice were injected with a sublethal dose of LPS, and tissues were examined after 3 days. LPS-treated mice showed an increase in the density of GFP + cells surrounding vessels of the thymi, lungs, and livers (Supplemental Figure 11) . These GFP + cells were identified as CD31 + endothelial cells in thymi and CD31 + LYVE-1 + endothelial cells in lungs and livers (Figure 7) . Correspondingly, flow cytometry analysis demonstrated a significant increase in the number of GFP + CD31 + endothelial cells in lungs and livers of S1P1 GFP signaling mice after LPS treatment (Supplemental Figure 12, A-C) .
LPS treatment also induced GFP expression in albumin + hepatocytes (Figure 7 ). The number of GFP + hepatocytes increased significantly in S1P1 GFP signaling mice after LPS treatment (Supplemental Figure 12, A and D) . S1P1 activation by hematopoietically derived S1P during systemic inflammation. (A) Experimental scheme. Bone marrow cells from pS1Pless or control mice were transplanted into S1P1 GFP signaling mice. Ten weeks later, plasma sphingolipid levels were determined; in addition, LPS (20 mg/kg) or vehicle (PBS) was injected intraperitoneally into the mice. After 24 hours, cells were isolated from the lungs and livers, and the percentages of GFP + cells in CD31 + or CD95 + populations were quantified by flow cytometry. (B) Quantification of dihydrosphingosine (dhSph), sphingosine (Sph), dhS1P, and S1P by HPLC-tandem mass spectrometry in plasma of bone marrow-transplanted mice. Bars represent mean ± SEM (n = 3 for each genotype). (C-E) Flow cytometry analysis was used to determine the percentage of GFP + cells in the (C) lung CD45 -CD31 + population, (D) liver CD31 + population, and (E) CD95 + population 24 hours after LPS or vehicle injection. Bars represent mean ± SEM (n = 7 for vehicle-injected control bone marrow transplant mice and n = 8 for the other 3 groups in C; n = 3 for LPS-injected control bone marrow transplant mice and n = 4 for the other 3 groups in D and E). Student's t test; *P < 0.05, **P < 0.01, ***P < 0.001.
to support the emigration of thymocytes into the blood (36) . This specialized S1P production may lead to heightened endothelial S1P1 signaling around egress sites. Another factor could be the absence of degradative enzymes, such as the lipid phosphatase, LPP3, which has been shown to be critical for thymocyte egress (62) and may increase local concentrations of S1P in the vicinity of the lymphoid tissue endothelium.
Camerer et al. developed mutant pS1Pless mice engineered to selectively lack S1P in plasma and demonstrated that these pS1P-less mice had increased basal vascular leak and impaired survival after anaphylaxis, exposure to vascular leak-inducing agents, and related inflammatory challenges (12) . Increased leak was associated with increased interendothelial cell gaps in venules and was reversed by restoration of plasma S1P levels and by acute treatment with an S1P1 agonist. The results suggested that plasma S1P maintains basal vascular integrity through S1P1 and protects from lethal responses to leak-inducing mediators. These observations on S1P1 function in the endothelium are consistent with our results with the S1P1 GFP signaling mice. LPS intensified S1P1 activation in pulmonary and hepatic endothelial cells as well as in endothelial cells of other tissues. Moreover, we found that the LPS-induced S1P1 activation in endothelial cells was substantially dampened in mice with low circulating S1P levels, suggesting that blood S1P triggers S1P1 activation in endothelial cells during inflammation. Our results are also consistent with findings showing LPS-induced vascular permeability is blocked by induction of S1P receptor signaling on the lung endothelium (63) . The question of how S1P from the circulation activates S1P1 on endothelial cells during inflammatory challenge still remains to be answered. It has been suggested that S1P1 may be cryptically expressed on the basal surface of endothelial cells and normally shielded from S1P in the circulation (12) . In this case, during conditions of vascular leakage, sufficient S1P may gain access to the basal surface of the endothelium to activate S1P1.
The majority of lymphocytes in the S1P1 GFP signaling mice did not show evidence of S1P1 activation, even though it is believed that some intrinsic S1P1 signaling is required for all lymphocytes to gain access to the circulation from lymphoid tissues (15, 64) . It is possible that the lack of a detectable GFP signal may possibly be due to a low level of intrinsic S1P1 activation on lymphocytes that is needed for their egress from lymphoid tissues. Some lymphocytes, however, did show evidence of S1P1 activation. These included B cells in the MZ of the spleen, which are specialized cells that are exposed to high levels of S1P coming from the blood circulation. They shuttle continuously from follicle to the MZ several times a day as directed by S1P1, consistent with the strong activation signal found in these cells (18, 19) . This might suggest that continuous cycles of S1P1 activation are required in order to ensure an interaction of the modified receptor and the β-arrestin fusion protein, which is in competition with endogenous β-arrestins, whose levels may be high in lymphocytes. Interestingly, MARCO + MZ macrophages (52, 53) , which presumably undergo extensive exposure to S1P, similar to MZ B cells, also exhibited elevated levels of S1P1 activation.
While FTY720 administration potently activated the modified S1P1 signaling pathway on endothelium and hepatocytes, it had little apparent stimulatory effect on the modified S1P1 signaling pathway lymphocytes. This result is consistent with the observation that FTY720 causes rapid inactivation of lymphocyte S1P1 (15, 16), which may minimize its exposure to the agonist.
uses GPCR-β-arrestin interactions (38) (39) (40) (41) as a means to measure GPCR activation. A unique signaling pathway, separate from endogenous signaling pathways, was formed by the expression of 3 genetic elements: a modified S1P1, a modified β-arrestin, and a transcriptionally activated reporter, H2B-GFP. The reporter gene is activated by the release of a tethered transcription factor as a consequence of the β-arrestin interaction with the activated GPCR. Because the modified receptor and β-arrestin are under control of the endogenous S1P1 promoter, cellular sites of signaling activity should be detectable only in cells that express the endogenous receptor. A similar strategy was been used recently in Drosophila brain to monitor dopamine signaling (59) .
The S1P1 GFP signaling mouse model was validated in a number of ways. MEFs containing the modified S1P1 signaling pathway reported S1P1 activation by exogenously added S1P at concentrations that have been reported to induce S1P1 internalization (48) . The modified signaling pathway was also induced with the requisite ligand specificity of the endogenous pathway. In addition, the modified signaling pathway was activated in embryos within the vascular system, a developmental site known to require both S1P1 and S1P and presumably rich in S1P1 signaling activity. Finally, the modified S1P1 signaling pathway was induced in several tissues by in vivo administration of FTY720, a well-characterized agonist that is highly active on S1P1.
Because S1P1 is widely expressed (refs. 4-6 and Supplemental Figure 6 ) and S1P is produced by all cells, S1P1 activation can potentially take place at many locations. However, with the exception of endothelial cells, particularly in lymphoid tissues, activated S1P1 within most tissues was limited under homeostatic conditions. In some parenchymal cell types, such as hepatocytes, which express S1P1, it is likely due to a lack of access to S1P signaling pools, which resulted in substantial receptor reserve. Although liver is known to produce S1P (60), the high levels of degradative enzymes -S1P lyase and phosphatases -likely keep the extracellular S1P levels low enough to prevent receptor activation. Under acute circumstances, such as during systemically induced inflammation, our results are consistent with a scenario in which S1P from the plasma gains access to the interstitial spaces to activate S1P1. This does not rule out the possibility that S1P for S1P1 activation may be produced locally through an upregulation of its synthesis and transport and/or a downregulation of its degradative mechanisms.
Under homeostatic conditions, S1P1 activation in adult mice was most enriched in the endothelial cells of lymphoid organs, with significantly less observed in the endothelial cells of tissues such as liver and heart. Recently, it was shown that S1P released from platelets is crucial to maintain the vascular integrity of high endothelial venules, which support extensive lymphocyte trafficking (61). Our results showing high levels of S1P1 activation on the high endothelial venules imply that S1P1 has a prominent role. The unique features of other lymphoid endothelia that result in enhanced S1P1 activation are not known; however, our observations suggest that S1P signaling pools are able to gain access to S1P1 in these endothelial cells to a greater extent than in nonlymphoid tissues. Indeed, it has been shown that lymphatic endothelial cells are the main source of S1P needed for the egress of lymphocytes from lymph nodes, supporting the idea that the endothelium in lymph nodes, through which lymphocytes exit, has an active role in local S1P production (30, 35) . It has also been shown that neural crest-derived pericytes, which underlie the endothelium in thymus, are necessary for the production of S1P lysed in a buffer containing 10 mM Tris-HCl (pH 7.2), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM sodium orthovanadate, and Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). After centrifugation at 3,000 g for 10 minutes, the supernatants were used for Western blotting. Rabbit monoclonal antibodies for Akt (Cell Signaling, clone 11E7) and phosphor-Akt (Cell Signaling, clone D9E) were used for the primary antibodies, and Alexa Fluor 680 goat anti-rabbit IgG (H+L) (Molecular Probes) and IRDye 800CW goat anti-rabbit IgG (H+L) (LI-COR Biosciences) were used for the secondary antibodies for Western blot. Immunoreactivity was detected by an Odyssey infrared system (LI-COR Biosciences). S1P1 GFP signaling mouse E9.5 and E10.5 embryos, obtained after timed mating by breeding H2B-GFP with S1pr1 knockin heterozygous mice, were observed with a MZ FLIII stereo-fluorescence microscope (Leica Microsystems) using QCapture imaging software (QImaging).
For histologic analysis, adult mice were anesthetized with tribromoethanol and perfused with normal saline followed by ice-cold 4% PFA solution (in 0.1 M phosphate buffer, pH 7.4). The tissues were harvested, postfixed in 4% PFA for 2 hours at 4°C, and equilibrated in 30% sucrose solution (0.1 M phosphate buffer, pH 7.4) overnight at 4°C. The tissues were embedded in OCT compound, and 12-μm sections were obtained. For immunostaining, nonconjugated primary antibodies for mouse CD31 (dianova, clone SZ31), LYVE-1 (R&D Systems), PNAd (high endothelial venules) (BD Pharmingen, clone MECA-79), albumin (Bethyl Laboratories), B220 (BD Pharmingen, clone RA3-6B2), and MARCO (GeneTex, clone ED31) were used. To detect primary antibodies, fluorescently labeled secondary antibodies were used: donkey anti-rat IgG (Cyanine Cy3) (Jackson ImmunoResearch Laboratories) for CD31, B220, and MARCO; donkey anti-goat IgG (Alexa Fluor 555) (Life Technologies) for albumin; donkey anti-goat IgG (DyLight 405) (Jackson ImmunoResearch Laboratories) for LYVE-1; donkey anti-rat IgG (DyLight 405) (Jackson ImmunoResearch Laboratories) for PNAd. The images were captured with an inverted laser-scanning confocal microscope (Carl Zeiss Microscopy) using the Zeiss LSM software.
For flow cytometry analysis of leukocytes, blood was collected in K2EDTA-coated BD Microtainer tubes. The immune tissues (thymi, spleens, lymph nodes) were harvested, minced with 0.5 ml cold PBS in 60-mm dishes, and filtered through a 40-μm cell strainer (BD Biosciences). The filtrates were centrifuged for 5 minutes at 200 g, and thymus and lymph node pellets were suspended in FACS buffer (5% heat-inactivated FBS, 0.02% sodium azide in PBS). ACK lysis buffer (Lonza) (2 ml) was added to the spleen pellet and blood (100 μl) and incubated for 5 minutes at room temperature. After washing the cells with PBS, they were suspended in FACS buffer.
Lungs were minced and incubated in a digestion buffer (0.05% collagenase IV, 0.01% DNase I, 2% FBS, 10 mM HEPES, pH 7.5) for 30 minutes at 37°C. The reaction was terminated by adding FBS (final concentration 10%) and EDTA (final concentration 5 mM). The cell suspension was forced through a 100-μm cell strainer (BD Biosciences) into a 50-ml Falcon tube, and the filtrates were centrifuged for 5 minutes at 200 g. The pellets were suspended in 2 ml of ACK lysis buffer and incubated for 5 minutes at room temperature. After the cells were washed with PBS, the cells were suspended in FACS buffer.
To isolate liver cells, the left lobes were removed, and warmed (37°C) perfusion medium (Life Technologies) was perfused through the portal vein, followed by liver digestion medium (Life Technologies). The digested liver was torn with forceps in liver digestion medium, and single cells were dispersed in the medium. The reaction was terminated by adding FBS (final concentration 10%) and EDTA (final concentration 5 mM). The cell suspension was forced through a 100-μm cell strainer into a 50-ml Falcon tube, and the filtrates were centrifuged for 5 minutes at 200 g. After the cells were washed with PBS, the cells were suspended in FACS buffer (69) .
For immunostaining of leukocytes, the following antibodies were used: phycoerythrin-conjugated (PE-conjugated) rat anti-mouse CD3 (BD The S1P1 signaling pathway has been implicated as a pathway relevant to several diseases. These include multiple sclerosis (25, 26) , rheumatoid arthritis (65) , and cancer (66) . The ability to visualize S1P1 activation in the S1P1 GFP signaling mice is a powerful tool to help delineate the cells that respond to S1P via activated S1P1 during these pathogenic processes. The S1P1 GFP signaling mice can also enable the evaluation of S1P1-active compounds in vivo and how their application would affect S1P1 activation in experimental disease models. Finally, the in vivo design used in the S1P1 GFP signaling mice can in principle be applied to essentially any other GPCR to help determine its functions in physiology and disease.
Methods S1P1 receptor ligands. S1P, sphingosine, and LPA were purchased from Avanti Polar Lipids; dhS1P was purchased from Sigma-Aldrich; SEW2871 was purchased from Cayman; and RP-001 was purchased from Tocris.
Generation of S1P1 GFP signaling mice. A knockin targeting vector ( Figure  1B ) was prepared containing a bicistronic transcriptional unit, consisting of 2 fusion genes, S1pr1 linked to tTA via a TEV protease cleavage site and mouse β-arrestin 2-TEV protease, which were designed as outlined by Barnea et al. (37) . The fusion genes were interconnected by an IRES. The neomycin resistance gene (NeoR) flanked by loxP sites was inserted downstream of the bicistronic transcription unit. Gene targeting in TC1 ES cells and generation of chimeric and heterozygous mice were conducted as described previously (67) . One targeted ES clone was used to establish chimeric mice, which were crossed with C57BL/6 mice to obtain heterozygotes. S1pr1 knockin genotypes were determined by Southern blot and PCR analyses of genomic DNA isolated from ES cells and mouse tails. For genotyping by PCR, 3 primers were used: 5′AGAGGAATGTGGGCTGTT-GATCCT3′ (primer 1), 5′GGTGAACATCCACCCACTATTCCA 3′ (primer 2), and 5′CCAAATTAAGGGCCAGCTCATTCC3′ (primer 3). Primers 1 and 2 detected the WT allele and amplified a 290-bp fragment. Primers 2 and 3 detected the knockin allele and amplified a 400-bp fragment. Thirty-five cycles of 94°C (30 s), 60°C (30 s), and 72°C (1 min) were used for PCR.
A Cre recombinase transgenic line (EIIa Cre; ref. 68; The Jackson Laboratory, stock no. 003724) was crossed to S1pr1 knockin mice to excise the neomycin resistance gene (NeoR) during embryogenesis. To identify the WT and the S1pr1 knockin (-NeoR) alleles, 3 primers were used. Primers 1 and 2, as described above, detected the WT allele, and primer 2 and 5′GGTTGGCGATTAAATGCTGA3′ (primer 4) detected the S1pr1 knockin (-NeoR) allele and amplified a 630-bp fragment. Thirty-five cycles of 94°C (30 s), 60°C (1 min), and 72°C (1.5 min) were used for PCR.
Both knockin lines (with or without NeoR) were crossed with a histone-EGFP reporter mouse (H2B-GFP; Tg(tetO-HIST1H2BJ/GFP)47Efu/J; The Jackson Laboratory, stock no. 005104), in which human histone 1 protein H2bj and EGFP fusion protein were expressed under the control of a tetracycline-responsive promoter element and cytomegalovirus minimal promoter, to derive the S1P1 GFP signaling mice ( Figure 1C and ref. 46) . The agematched offspring from the multiple litters were used for each experiment.
Analysis of S1P1 activation in embryos, tissues, and MEFs. S1P1 GFP signaling MEFs, which were obtained by breeding H2B-GFP mice with S1pr1 knockin heterozygous mice, were isolated from embryos at E12.5. The MEFs were incubated for 16 hours in DMEM containing 10% charcoal-stripped FBS and received various lipids (S1P, dhS1P, LPA, or sphingosine), selective ligands (SEW2871 or RP-001), or vehicle (4 mg/ml BSA in PBS). GFP expression in the MEFs was observed by an inverted laser-scanning confocal microscope (Carl Zeiss Microscopy) and a BD LSR II flow cytometer (BD Biosciences).
For Western blotting, the MEFs were incubated for 16 hours in DMEM containing 0.1% FBS and received S1P ligands (S1P, SEW2871, or RP-001) or vehicle (4 mg/ml BSA in PBS). After a 10-minute treatment, cells were 1% BSA in PBS. For S1P1 staining, nonconjugated primary antibody for EDG-1 H-60 (Santa Cruz Biotechnology, polyclonal) was used, followed by secondary biotinylated horse anti-rabbit IgG (Vector Labs). The VEC-TASTAIN ABC system was used with VECTOR NovaRED peroxidase substrate (Vector Labs) to produce a red stain. To detect S1P1 activation, GFP staining was performed after avidin/biotin blocking and serum blocking were repeated. Nonconjugated primary antibody for GFP (Abcam, chicken polyclonal antibody) was used, followed by secondary biotinylated goat anti-chicken IgG (Vector Labs). A blue stain was produced using the VECTASTAIN ABC-Alkaline Phosphatase system with Vector Blue phosphatase substrate and Levamisole endogenous phosphatase blocking solution (Vector Labs). Slides were dehydrated in a graded ethanol/water series, cleared with Histo-Clear II (National Diagnostics), and mounted with VectaMount Permanent Mounting Medium (Vector Labs). The images were captured with a Leica DM LB Microscope (Leica Microsystems) using QCapture imaging software (QImaging).
Statistics. Statistical significance was determined using the Student's t test. In all cases, P < 0.05 was considered statistically significant.
Study approval. All animal procedures were approved by the National Institute of Diabetes and Digestive and Kidney Diseases and performed in accordance with the NIH guidelines.
